Abbreviations used in this paper: ADC = apparent diffusion co efficient; BBB = blood-brain barrier; MCAO = middle cerebral artery occlusion; MMP = matrix metalloproteinase; mRS = modified Rankin Scale; NIHSS = National Institutes of Health Stroke Scale; rt-PA = recombinant tissue plasminogen activator; TRP = transient receptor potential.
C erebral edema and hemorrhagic conversion are major complications of ischemic stroke. Ischemic edema is the primary cause of death in patients with large infarctions; 7 in major infarctions of the middle cerebral artery, the mortality of the "malignant edema syndrome" approaches 80%. 1, 27 Hemorrhagic conversion is associated with increased mortality and worse functional outcomes and occurs with a higher frequency in patients who receive thrombolytic therapy. 12 Recent insights into the pathophysiology of edema in stroke suggest that ischemic edema and hemorrhagic conversion share molecular antecedents and likely arise from similar processes of microvascular dysfunction. 20 Thus, there is great interest in the development of therapies to preempt the occurrence of ischemic edema and hemorrhagic conversion by targeting the mechanisms of neurogliovascular dysfunction that underlie these phenomena.
A number of studies have implicated ionic flux through newly expressed SUR1-TRPM4 channels in the pathogenesis of edema and hemorrhagic conversion in focal ischemia. The SUR1-TRPM4 channel is a promising target, as it is potently and selectively blocked by the sulfonylurea glibenclamide (US trade name Glyburide), which has been safely used in the treatment of Type 2 diabetes mellitus for decades. Following a number of preclinical studies demonstrating the efficacy of this approach, trials on the use of glibenclamide in humans with ischemic stroke have been conducted or are currently underway. Preliminary data from these studies suggest that the blockade of SUR1-TRPM4 with glibenclamide may result in a significant reduction of ischemic edema, a lower incidence of hemorrhagic conversion, and improved outcomes.
Effect of glibenclamide on the prevention of secondary brain injury following ischemic stroke in humans Cerebral edema and hemorrhagic conversion are common, potentially devastating complications of ischemic stroke and are associated with high rates of mortality and poor functional outcomes. Recent work exploring the molecular pathophysiology of the neurogliovascular unit in ischemic stroke suggests that deranged cellular ion homeostasis due to altered function and regulation of ion pumps, channels, and secondary active transporters plays an integral role in the development of cytotoxic and vasogenic edema and hemorrhagic conversion. Among these proteins involved in ion homeostasis, the ischemia-induced, nonselective cation conductance formed by the SUR1-TRPM4 protein complex appears to play a prominent role and is potently inhibited by glibenclamide, an FDA-approved drug commonly used in patients with Type 2 diabetes. Several robust preclinical studies have demonstrated the efficacy of glibenclamide blockade of SUR1-TRPM4 activity in reducing edema and hemorrhagic conversion in rodent models of ischemic stroke, prompting the study of the potential protective effects of glibenclamide in humans in an ongoing prospective phase II clinical trial. Preliminary data suggest glibenclamide significantly reduces cerebral edema and lowers the rate of hemorrhagic conversion following ischemic stroke, suggesting the potential use of glibenclamide to improve outcomes in humans. Here, we briefly review the pathogenesis of edema and hemorrhagic conversion in ischemic stroke as well as preclinical data indicating the role of SUR1-TRPM4 in this process. We then discuss the results both of studies examining the blockade of SUR1-TRPM4 in humans suffering from ischemic stroke and of an ongoing trial that may further elucidate the utility of glibenclamide in the prevention of ischemic edema and hemorrhagic conversion.
Pathogenesis of Ischemic Edema and Hemorrhagic Conversion
The pathogenesis of ischemic edema is thought to involve a stepwise progression through cytotoxic, ionic, and vasogenic edema, and ultimately hemorrhagic conversion. This stepwise progression is driven by pathological changes in the transmembrane permeability of neurons, glia, and vascular endothelial cells-the entire neurogliovascular unit. 20, 26 In the first phase, hypoxia-induced failure of energy-dependent mechanisms (primarily the Na + -K +adenosine triphosphatase [ATPase]) that maintain normal physiological ionic gradients across cell membranes causes thermodynamically driven abnormal ionic flux through channels and secondary active transporters. In particular, extracellular Na + flows down its concentration gradient into the intracellular compartment. This movement generates oncotic pressure that drives water into cells through aquaporins and other pathways, resulting in swelling and membrane blebbing of neurons, glia, and endothelial cells, features that characterize cytotoxic edema.
As ionic flux into cells depletes Na + from the extracellular space, an Na + gradient is established between the intravascular and extracellular spaces. This gradient drives transcapillary Na + movement across the bloodbrain barrier (BBB) through a host of preexisting and newly expressed channels and transporters. The Na + flux simultaneously provides electrochemical drive for Cland oncotic drive for water to also flow into the extravascular space, resulting in an expansion of total extravascular brain volume, known as ionic edema.
During cytotoxic and ionic edema, swelling of endothelial cells causes cytoskeletal rearrangements, 14 hypoxia activates a transcriptional program that increases endovascular permeability, and necrotic cell death continues in the ischemic core, which together contribute to further disruption of the BBB. These processes result in vasogenic edema, in which capillaries become fenestrated, tight junctions are disrupted, and reverse pinocytosis occurs, which together result in the leakage of macromolecules, ions, and water into the brain parenchyma.
Progressive breakdown of the BBB ultimately results in hemorrhagic conversion, the final phase of neurogliovascular dysfunction. Hemorrhagic conversion is marked by a complete failure of capillary integrity and extravasation of blood into the parenchyma and is associated with dramatically poorer outcomes. Progression to this stage occurs in about 10% of ischemic strokes, and the risk is worsened by the use of thrombolytic stroke therapy. 6, 10, 11 Hemorrhagic conversion likely represents a continuation of the BBB disruption characteristic of vasogenic edema that is exacerbated by a number of factors, including oxidative stress, reperfusion injury, oncotic cell death, excitotoxicity, and increased extracellular proteolysis by matrix metalloproteinases (MMPs), 5,24 among others. Matrix metalloproteinase activation is thought to be of particular clinical importance, as recombinant tissue plasminogen activator (rt-PA) has been shown to upregulate MMPs and probably contributes to the increased risk of hemorrhagic conversion in patients receiving rt-PA as thrombolytic therapy. 25 Abnormal ionic flux through ion channels and secondary active transporters plays a central role in the development of the cytotoxic and ionic edema that ultimately results in vasogenic edema and hemorrhagic conversion. A number of such channels and transporters have been implicated in this process, including NKCC1, the Na + -H + antiporter, acid-sensing ion channels, and transient receptor potential (TRP) channels. Of these, the monovalent cation channel formed by the association between SUR1 and TRPM4, herein referred to as SUR1-TRPM4, 29 is an attractive target for therapeutic intervention, as it is inhibited by the widely used sulfonylurea antagonist glibenclamide, and preclinical studies suggest that it plays a major role in the development of ischemic edema.
Role of SUR1-TRPM4 in Ischemic Edema and Hemorrhagic Conversion
TRPM4 is a member of the TRPM subfamily of TRP channels that, under pathological conditions including ischemic stroke, associates with SUR1 to form SUR1-TRPM4 channels. The channel conducts monovalent cations and is impermeable to divalent cations. Its opening requires nanomolar concentrations of intracellular Ca ++ , and it is opened when intracellular adenosine triphosphate (ATP) is depleted (EC50 ≅ 1 mM). The SUR1 subunit regulates the opening of SUR1-TRPM4 and is blocked with high affinity and specificity by the sulfonylurea antagonist glibenclamide (EC50 = 48 nM). SUR1-TRPM4 is not constitutively expressed in the CNS; rather, its expression and subunit association is induced by hypoxia or injury. 18 In rodent models of cerebral ischemia, levels of SUR1-encoding Abcc8 mRNA increase 2.5-fold at 3 hours after ischemic injury, and SUR1 protein expression is increased 2.5-fold by 8 hours in the lesion and surrounding penumbra. 18 This upregulation occurs in all cell types of the neurovascular unit (neurons, glia, and endothelial cells) and is not accompanied by upregulation of the inward rectifier potassium ion channel that is associated with SUR1 under normal conditions, indicating that the upregulated SUR1 becomes associated with TRPM4 in hypoxic injury.
A number of preclinical studies have shown that ionic movement through SUR1-TRPM4 is a major component of the pathological ionic flux in cytotoxic and ionic edema 3 and that blockade of SUR1-TRPM4 with glibenclamide reduces edema, improves functional outcomes, and decreases mortality in rodent models of ischemic injury (Fig.  1) . In a rat model of malignant cerebral edema caused by middle cerebral artery occlusion (MCAO), SUR1-TRPM4 blockade with glibenclamide reduces cerebral edema and mortality by 50%. 18 Similar improvements in lesion volume and mortality are observed in thromboembolic, permanent MCAO, and transient MCAO with reperfusion rodent models of cerebral ischemia. 23 The attenuation of infarct volume by glibenclamide is also associated with better functional outcomes. 28 Treatment with glibenclamide, compared with decompressive craniectomy, results in superior outcomes in a rat model of malignant stroke. 21 Interestingly, glibenclamide may also decrease the risk of hemorrhagic conversion by reducing the expression, but not the enzymatic activity, of MMP-9, which is induced by ischemia. 22 Because SUR1-TRMP4 is expressed de novo 3-8 hours after hypoxic injury, the treatment window of blockade with glibenclamide is quite long-edema is reduced when glibenclamide is administered up to 10 hours after ischemic injury. 22 These preclinical studies strongly suggest that the blockade of SUR1-TRMP4 is a potential therapeutic strategy for reducing the pathological movement of ions that drives ischemic edema and hemorrhagic conversion. Glibenclamide is a potent inhibitor of the channel, has more than 10 times greater affinity for SUR1 than SUR2 (the latter with constitutive expression on cardiac, skeletal, and smooth muscle), and reduces SUR1-TRPM4-mediated cerebral edema at doses that are at least an order of magnitude below those associated with hypoglycemia in rodent models. Furthermore, it has a good safety profile that has been characterized over decades of use as therapy for Type 2 diabetes. For these reasons, there is strong interest in the use of SUR1-TRPM4 antagonists, particularly glibenclamide, as therapy to preempt the formation of edema following ischemic stroke in humans. Some retrospective analyses and preliminary results from ongoing clinical trials have indicated the validity of this approach.
SUR1-TRPM4 Blockade in Humans With Ischemic Stroke
A few retrospective analyses have compared stroke outcomes between patients with Type 2 diabetes taking a sulfonylurea drug for glycemic control and patients with Type 2 diabetes who are not taking a sulfonylurea to determine whether sulfonylureas are protective against ischemic edema and its associated sequelae. One study examined patients with Type 2 diabetes who were hospitalized within 24 hours of ischemic stroke. 9 The authors identified 33 patients with diabetes who had continued to receive sulfonylureas throughout their admission and compared outcomes with those in a matched control cohort of 28 patients with diabetes who had not received sulfonylureas. The primary outcome was a decrease in MCAO (B) . Tissue in the ischemic core does not stain with 2,3,5-triphenyltetrazolium chloride (TTC−), but perilesional tissue does (TTC+). In perilesional tissue, treatment with glibenclamide significantly reduces tissue water content, consistent with its putative function of reducing cytotoxic edema by blockade of newly expressed SUR1-TRPM4, which is highly expressed in perilesional tissue. TTC-stained brain tissue section 2 days after MCAO in a rat treated with saline (C, infarct appears white). Compare with a TTC-stained section 2 days after MCAO in a rat treated with glibenclamide (D). Infarct volume is significantly reduced (E) at 2 and 7 days after MCAO by glibenclamide (GLIB), compared with saline (SAL). Laser Doppler flowmetry measurements of relative cerebral blood flow ratios between control and infarcted hemispheres (F). Forty-eight hours after MCAO, cerebral blood flow is significantly improved in rats treated with glibenclamide and has returned to preinfarct levels. Reprinted by permission from Macmillan Publishers Ltd: Nat Med, advance online publication, 19 the National Institutes of Health Stroke Scale (NIHSS) score of 4 or more or a reduction to 0 at discharge, and the secondary outcome was a modified Rankin Scale (mRS) score of 2 or less at discharge. Patients receiving sulfonylureas had significantly improved primary and secondary outcomes-the primary outcome was achieved in 36.4% of patients receiving a sulfonylurea versus 7.1% in the control group, and the secondary outcome was achieved in 81.8% versus 57.1%, respectively. These differences were observed among patients with nonlacunar strokes and were independent of sex, history of ischemic attack, or blood glucose levels. A similar study was conducted in 2448 diabetic patients presenting with acute ischemic stroke to 11 stroke centers in Ontario. The study found that patients on sulfonylureas who had continued taking them during admission experienced significantly lower mortality than patients who had never taken sulfonylureas, even among those treated with rt-PA. 17 Another retrospective study was conducted to determine whether sulfonylurea therapy conferred protection against symptomatic hemorrhagic transformation in patients with Type 2 diabetes. 8 The authors compared 43 patients taking a sulfonylurea drug before and during hospital admission for ischemic stroke with 177 controls not taking a sulfonylurea drug. They found that the patients receiving sulfonylureas had significantly fewer deaths (0% vs 10% of controls) and a significantly lower rate of symptomatic hemorrhagic transformation (0% vs 11% of controls).
These retrospective studies were limited to patients with diabetes and so may have limited generalizability to nondiabetic patients. Even if the protective effects of sulfonylureas in stroke are limited to the diabetic patient population, these results are highly relevant, as approximately 33% of stroke patients are diabetic, and diabetic patients have poorer stroke outcomes. 2 However, the hypothesized mechanism of protection by SUR1-TRPM4 blockade is theoretically applicable to nondiabetic patients. As such, prospective clinical trails of Glyburide for injection (RP-1127) as therapy for ischemic edema in nondiabetic patients are underway.
A phase I safety study confirmed the tolerability of intravenous RP-1127 administered as a bolus dose followed by a 3-day continuous infusion (NCT01132703, ClinicalTrials.gov). A subsequent multicenter, prospective, open-label, phase IIa trial, Glyburide Advantage in Malignant Edema and Stroke Pilot (GAMES-Pilot, NCT01268683, ClinicalTrials.gov), was conducted to demonstrate the feasibility of treating severe anterior circulation ischemic stroke with RP-1127 in patients with a baseline lesion volume between 82 and 210 cm 3 on diffusion weighted imaging (that is, those in whom clinically significant edema was likely to occur) and able to begin infusion no more than 10 hours after symptom onset. Reports from this trial have suggested the efficacy of RP-1127 in reducing edema and the feasibility of further study (Fig. 2 ). Among 10 patients recruited for the trial, malignant edema occurred in only 20%, compared with 88% in prospective observational studies of patients with comparable lesion volumes on diffusion weighted imaging. The mean increase in ipsilateral hemisphere volume was 50 ± 33 cm 3 , compared with 71.5 ± 27 cm 3 in historical controls, and 9 of 10 patients had mRS scores of 4 or less after 30 days. 15, 16 Other reports from this trial give insight into the mechanism by which RP-1127 is hypothesized to exert its protective effects. To determine the utility of diffusion tensor imaging measurements as markers of cytotoxic edema in assessing response to RP-1127, diffusion tensor images for 9 patients from the GAMES-Pilot trial were compared with those a control cohort of 7 patients not treated with RP-1127. 4 The ratio of the apparent diffusion coefficient (ADC) between tissues ipsilateral and contralateral to the lesion was significantly higher in patients treated with RP-1127. In addition to indicating the utility of ADC measurements in evaluating the response to RP-1127, these results are consistent with the putative protective mechanism of RP-1127, as high ADC ratios are thought to reflect a reduction in cytotoxic edema that would be expected from the SUR1-TRPM4 blockade. A and B) and FLAIR images (C and D) obtained at indicated times after ischemia in a patient enrolled in the GAMES-Pilot trial who had presented with acute MCA syndrome, received conventional rt-PA, and developed an NIHSS score of 21. He received a 72-hour infusion of RP-1127 beginning approximately 9 hours after ischemia. The lesion volume expanded slightly by Day 3 (B) , but there was minimal mass effect. Note the unusual pattern of cytotoxic edema (C and D), which appears confined to the cortical gray matter, leaving the white matter intact. Gyral anatomy also appeared to be maintained. Reprinted by permission from Simard et al: Does inhibiting Sur1 complement rt-PA in cerebral ischemia? Ann N Y Acad Sci, John Wiley and Sons, 2012 New York Academy of Sciences.
As described above, MMPs, particularly MMP-9, show increased expression and activity following ischemia. Upregulation and activity of MMP contribute to the risk of hemorrhagic conversion, and preclinical data suggest that glibenclamide can reduce the ischemic induction of MMP-9 activity by attenuating its expression. 22 To determine whether this attenuation of expression occurs in humans, plasma samples from 6 subjects in the GAMES-Pilot were analyzed for levels of MMP-9 and compared with levels from a cohort of untreated patients. 13 Average MMP-9 proenzyme levels among the Glyburide-treated patients were significantly lower than in controls (47.2 ± 8.0 vs 143.4 ± 60.35 ng/ml, respectively), and there was no difference in the endogenous MMP-9 inhibitor TIMP-1. Thus, RP-1127 may prevent hemorrhagic conversion in humans by inhibiting the expression of MMP-9 following ischemic injury, as it does in rodents. These findings also suggest that glibenclamide may complement rt-PA by counteracting the activation of MMPs by rt-PA, thereby mitigating the iatrogenic increase in the risk of hemorrhagic conversion when rt-PA is used as thrombolytic therapy. 19 In light of these promising preliminary results, a multicenter, randomized, double-blind, phase II trial is underway to examine the efficacy of RP-1127 in the prevention of malignant edema in severe anterior circulation ischemic stroke (Glyburide Advantage in Malignant Edema and Stroke-Remedy Pharmaceuticals [GAMES-RP], NCT01794182, ClinicalTrials.gov). The primary outcome measures are the safety of RP-1127 and the proportion of patients with an mRS score no greater than 4 at Day 90 without the need for decompressive craniectomy. Secondary outcomes include the development of malignant edema, decompressive craniectomy, neurological deterioration, parenchymal hematomas, ipsilateral hemispheric swelling, 90-day mRS Score 0-3 and 0-4, Barthel Index at 90 days, and all-cause mortality at 90 days. Study completion in February 2015 is expected. There is hope that the results of the GAMES-RP trial and continued study into the efficacy of the glibenclamide blockade of SUR1-TRPM4 may significantly improve outcomes following ischemic stroke.
